The paper deals with bioinformatic and statistical analysis of the possible functional significance of the previously shown association of several microsatellite alleles in intron 6 of the human proteasome core particle PSMA6 gene (HSMS006) 
INTRODUCTION
Microsatellites are short di-or trinucleotide repeats interspersed throughout genomes and manifesting high levels of polymorphism in different organisms. For many years, microsatellites have been intensively used as molecular markers. Gradually the interest of researchers in microsatellites decreased as their attention switched to the SNPs. The current avalanche of polymorphism research data, however, makes it essential to re-evaluate the earlier investigations. Most of the results of the association studies on PROCEEDINGS OF THE LATVIAN ACADEMY OF SCIENCES. Section B, Vol. 62 (2008 ), No. 3 (656), pp. 91-102 DOI: 10.2478 BIOINFORMATIC ANALYSIS OF EVOLUTIONAL CONSERVATISM AND FUNCTIONAL SIGNIFICANCE OF MICROSATELLITE ALLELES OF HUMAN 14Q13.2 REGION ASSOCIATED WITH TYPE 2 DIABETES MELLITUS Tatjana Sjakste*, Ilva Poudþiunas* , **, Valdis Pîrâgs**, Mâris Lazdiòð***, and Nikolajs Sjakste** multifactorial diseases gave negative results or were not reproduced in other populations. We suggest that analysis of numerous polymorphisms on thousands of specimens should be replaced by a more thorough evaluation of the functional significance of any given prospective polymorphism. We start with microsatellites, since it has been shown that these are able to modify the level of gene expression by silencing/enhancing transcription and modulating splicing events (Gebhard et al., 1999; Gabellini, 2001) . Some authors speculate that microsatellites may be involved in the etiology and pathogenesis of multifactorial diseases (Epplen et al., 1997) .
For this study we chose a human 14q13 locus, which contains several (TG)n and (AC)n type microsatellites, as well as one (CAA)n repeat. The region contains the proteasomal PSMA6 gene (14q13.2), as part of a cluster of proteasomal genes of Chromosome 14. Besides the above-mentioned gene, the cluster contains PSMB5, PSME1, PSME2 (all in 14q11.2), PSMC6 (14q22) and PSMA3 (14q23) genes. We have described recently that several microsatellite markers and SNPs in the region are associated with type 2 diabetes mellitus .
The proteasomal PSMA6 protein, encoded in the genomic site under study, has been known for a long time to be one of the most evolutionary conservative representatives of the alpha-family, a monoclonal antibody raised against this human protein cross-reacts with its homologues in many mammals, birds, amphibia and even plants (Grossi de Sa et al., 1988) . mRNAs of the gene in mammals are very similar in structure (Coux et al., 1994) . Abundant data on the structure of mammalian genomes that have become recently accessible encouraged us to determine whether evolutionary conservatism of the structural gene is supported by evolutional stability of the genomic region.
The goals of the study were: to evaluate the evolutional conservatism of the 14q13 region with special reference to the microsatellite sequences; to analyse genotype and haplotype distribution of the microsatellite alleles in groups of type 2 diabetes mellitus and healthy subjects from two European populations using previously published results with the aim to evaluate the potential functional significance of the microsatellite sequences by analysing the possible transcription factor binding sites and to investigate changes in the secondary structure of microsatellite sites coupled to changes in repeat numbers.
MATERIALS AND METHODS
The subjects and genotyping were described previously . Briefly the polymorphisms were genotyped in 104 type 2 diabetes patients and 129 control subjects from Latvia and 99 type 2 diabetes patients and 88 control subjects of Finnish origin (Botnia). Age-matched persons without type 2 diabetes mellitus diagnosis formed the control groups.
Sequence information on the Homo sapiens 14q13.2 genome region (NT_026437) and homologous regions from Pan troglodytes14q (NW_115873), Canis familiaris chromosome 8 (NW_876327), and Mus musculus chromosome 12 (NT_039551) genomes were obtained from the NCBI data base (www.ncbi.nih.gov).
Bioinformatic analysis.
A search for homologous genes was performed using the Homologene Programme (www.ncbi.nlm.nih.gov/HomoloGene); sequence alignments were generated by BLAST 2 (www.ncbi.nlm.nih.gov/blast/bl2seq) or the multiple alignment service ClustalW (http://clustalw.genome.jp/). Results on positional synteny of microsatellites and their flanking sequences in all genomes analysed were produced by BLAST search of the particular human marker followed by BLAST 2 alignment of both full marker sequence and primer sequences with corresponding homologene sequences in Pan troglodytes, Canis familiaris, and Mus musculus. Identification of transcription factors binding sites (TFBSs) was performed using Genomatix software (DiAlign TF, Release 3.1, and MatInspector, Release 7.4 tools, at http://www.genomatix.de/). Prediction of possible changes in DNA secondary structure depending on the microsatellite repeat number was carried out with the aid of the MFOLD programme (www.bioinfo.rpi.edu/~zukerm).
Data analysis.
The significance of differences between the groups was estimated using the c 2 test (Pa < 0.05). Corrected significance levels (Pb) were calculated by means of permutation analysis using PAST (PAlaentological STatistics, ver. 1.63) programme. Linkage disequilibrium was calculated using the Arlequin version 3.01 programme (http://cmpg.unibe.ch/software/arlequin3/; Excoffier, 2005) . The programmes were applied as previously described (Rana et al., 2004; Tsunoda et al., 2004) . , and HSMS801 (AC)n), are localised in introns 3 and 4 of the gene KIAA0391, correspondingly, the most upstream HSMS602 ((CAA)n) marker is localized in the first intron of the C14orf24 gene. The functions of the two latter genes remain unknown, although their mRNAs have been identified (references in Sjakste et al., 2004) . The NFkappaB gene is localised downstream of the PSMA6 gene. Figure 1 compares the chromosomal position, exon/intron organisation of the corresponding homologenes in Pan troglodytes, Canis familiaris, Mus musculus, and the positional synteny of microsatellites and/or their flanking sequences. The synteny of the genes in different mammals is clearly evident. Comparison of the human 14q13.2 sequence with the homologous genomic region of the chimpanzee revealed complete identity of the genomic domains of KIAA0391, PSMA6 and NFkappaB genes. Microsatellites corresponding to human HSMS006, HSMS801, HSMS702 and HSMS701 markers are also found in the ape (Fig. 1 ).
RESULTS

Synteny
Homology cannot be followed upstream in the KIAA0391 gene due to unfinished sequencing of the site. In dogs, the overall structure of the domain also appears to be similar. Intronic sequences with high similarity to flanking sites of human microsatellites are shown by comparing of human and canine sequences (Fig. 2) . Three interspersed TG dinucleotides are observed in the area corresponding to the human HSMS006 site. A similar, but much shorter AC repeat, corresponds to the human HSMS801 microsatellite. An AT-rich sequence corresponds to the human TG-type microsatellite HSMS702. In mouse, flanking regions of human microsatellites were not identified, however; analogues of human TG-type and AC-type microsatellites were found in the domain of the 11100008L16Rik gene, an analogue of the human KIAA0391 gene (Fig. 1 , lower panel).
Allele analysis. Figure 3 summarises previously published data on the allele frequency distribution in type 2 diabetic and control subjects from Latvia and Botnia. Allele (TG)22 of HSMS006 is approximately twice as frequent in type 2 diabetic patients as compared to control subjects. Data were reproduced in two populations. Thus, the HSMS006 (TG)22 allele appeared to be associated with type 2 diabetes mellitus.
One of the HSMS602 alleles ((CAA)8) was less frequent in the case study group compared to controls in Latvia, however, data were not reproduced on Botnian subjects. The (AC)24 allele of HSMS 801 marker was less frequent in the Type 2 diabetes group, but this difference was also observed only in the Latvian population.
Genotypes. In the Latvian population the (CAA)8/(CAA)8 homozygotes of HSMS602 marker were never found in the Type 2 diabetes patients, although 6.56% of the individuals from the control groups were the (CAA)8/(CAA)8 homozygotes. For the HSMS801 marker the (AC)21/(AC)23 genotype was never found in the case group, in the control group it was detected with a frequency 4.4%; these differences were statistically significant (P < 0.05). In contrast to the Latvian population, the distribution of genotype frequencies in cases and controls taken from the Botnian dataset was almost similar. Haplotypes. On the basis of allele frequencies of HSMS markers in both case and control groups of the Latvian population, we calculated all of the possible two loci haplotypes and their expected frequencies. We observed a lesser number of haplotypes than would be predicted by random combinations. Haplotypes observed less than four times were excluded from statistical analysis. Data on combination frequencies in case and control groups for the Latvian population are presented in Figure 4 ; haplotype frequencies not differing significantly in the two groups were omitted. It is interesting that, besides haplotypes including alleles differently represented in case and control groups (A6 or E2), a combination of some alleles almost equally represented in both groups forms combinations that are more characteristic of either the case group (B8/C2, B4/D1C2/E1, D1/E1, for example) or the control group (B7/C3, B7/C5). This suggests independent functional significance of these haplotypes, which warrants further investigation.
In the Botnian population there were more numerous allele combinations (Fig. 5) . However, several two-marker combinations were equally distributed between the case and control groups. Combination frequencies that are differently distributed in the case and control groups are shown in Fig.  4 . Surprisingly, the distributions differ in the Latvian population. Differences between the groups are represented mostly by other allele combinations. The A6/D1, A6/D6, A6/E1 and A6/E3 are the only haplotypes significantly differing in distribution between case and control groups both in the Latvian and Botnian datasets, however, these differences are opposite. All of these haplotypes are more frequent in Latvian type 2 diabetics and in Botnian controls. The observed haplotype distributions might reflect significant differences between the studied populations: a homogenous and isolated Botnian vis-à-vis a mixed Latvian population.
We calculated the linkage disequilibrium (LD) of the two loci haplotypes. Two microsatellite combinations with sufficiently high LD (LD 0.9) were selected from the pooled case and control groups. Then we calculated LD of the chosen haplotypes in the case and control groups separately. Analysis of data on the Latvian population revealed that nine of ten two allele combinations showed a high LD. The HSMS006 and HSMS602 combination had a low LD; among the analysed markers these were situated at the largest distance from one another. Among the nine other combinations, 28 haplotypes had a high LD, indicating that alleles in these haplotypes are inherited together. In the type 2 diabetes group, 25 of these haplotypes were identified, only 19 of them were probable for the control group. The highest c 2 and r 2 values were found for the B2/D12 haplotype of the HSMS801/HSMS701 combination. C5/D3 combinations appear to have the strongest linkage (Fig. 6) . Data on the Botnian population showed that haplotypes in eight of ten combination had a high LD, including the HSMS006 and HSMS602 combinations. Twenty-five such haplotypes were identified in total. Nineteen haplotypes with a high LD score were characteristic of the case group and 16 of the control group. Combinations A3/C0, A2/D13, B2/D13, B9/D2 and C5/D10 had much higher association than other combinations (Fig. 7) . Thus, the two populations differ also in linkage disequilibrium of two-loci haplotypes.
SNP/microsatellite haplotypes. Our previous data indicated that one of the genotypes formed by SNPs in the PSMA6 gene (-8CG) was significantly more frequent in type 2 diabetes patients, and haplotype C -110 /G -8 , compared to C -110 /C -8 , in association with the disease risk . As part of samples analysed in the above study was used also for microsatellite analysis in the Latvian population. We performed analysis of two-and three-loci haplotypes formed by the SNPs and HSMS006 microsatellite alleles. Interestingly, several combinations were more often found in the case group (Tables 1 and 2 ). We have also calculated the potential LD relationship between two types of polymorphisms. However, no statistically significant associations were revealed for any combination (not shown).
Transcription factor binding sites. Data on possible binding sites of transcription factors around the sites of the studied microsatellites are presented in Figure 8 . Microsatellite sequences do not contain any transcription factor binding sites; in some cases a microsatellite extremity forms a transcription site together with the flanking sequence (NK1 binding site on 3' extremity of HSMS801, MMEF binding site in HSMS702 and the downstream adjacent sequence). Sequences upstream from several microsatellites contain multiple binding sites for numerous transcription factors. Interestingly, the CMYB binding site is found in the 5' flanking regions of HSMS006, HSMS801 and HSMS702 markers; the NFAT binding site exists in the vicinity of both HSMS801 and HSMS701 markers.
Potential DNA secondary structures. Figure 9 presents models of formation of secondary structure in the regions of two of the studied microsatellites, depending on the number of repeats therein. In the HSMS602 marker, an increase of the CAA repeat number up to ten repeats triggers changes in DNA secondary structure different from that of (CAA)7 and (CAA)8 alleles. In the HSMS006 microsatellite, an increase of TG repeat number from 17 to 18 is followed by a change in the hairpin structure.
DISCUSSION
PSMA6 protein is known to be one of the most evolutionary conservative representatives of the alpha-family of proteasomal proteins (Grossi de Sa et al., 1988; Coux et al., 1994) . Our data indicate that conservatism is characteristic, not only of the coding region of the gene, but also of the organisation of the surrounding genomic area, including the repeated sequences. Our observation does not contradict the data of other workers, since it is known that the dinucleotide repetitive sequences (TG/CA)n are widespread and conserved in many loci of higher eukaryotes and on average occur every 30 kb in human, and 18 and 21 kb in mouse and rat genomes, correspondingly. The positions of these repeats have been conserved between closely related species, such as humans and other primates. To a lesser extent, positions of GT repetitive sequences have been conserved between species in such distantly related groups as primates and rodents (Stallings et al., 1991) .
Our results indicate that a TG repeat polymorphism in the intron 6 of the human proteasome subunit PSMA gene is associated with type 2 diabetes in two different populations. The (TG)22 allele is two times more frequent in patients as compared to controls. The very description of (TG)n microsatellites longer than 22 repeats in an intron of PSMA6 gene is novel, as it was previously considered that proteasomal genes contain only shorter repeats (Sharma et al., 2005a) . Long (TG)n repeats form Z-DNA structures and this could explain the physiological significance of these alleles (Sharma et al., 2005b) . Moreover, growing evidence has been accumulated over several years that point to multiple functional roles of microsatellites in various biological processes. Intronic sequences seem to be able to modify the level of gene expression by silencing or enhancing the transcription and splicing events (Horikawa et al., 2000) . It was observed that (TG/CA)n microsatellites have a propensity to undergo structural transitions in in vivo conditions and could modulate gene expression in several genes of different organisms (see for reference Sharma et al., 2005a) including human housekeeping genes (Sharma et al., 2003) . TG17  TG18  TG19  TG20  TG21  TG22*  TG23  TG24   Control  123  103  412  17  (17 samples) 0 (0; 0) 9 (7; 2) 9 (9; 0) 2 (2; 0) 6 (5; 1) 2 (2; 0) 5 (5; 0) 1 (1; 0) Furthermore, the (TG/CA)n repeats have been observed to act as stimulators in recombination (Majewski and Ott, 2000; Gabellini, 2001 ) and as a widespread regulatory element of alternative splicing (Hui et al, 2003; . Change of the repeat number per se alters the local spatial relationships of transcription factor interactions and nucleosome formation pattern (Kashi and King, 2006) . Our prediction of changes in the hairpin formation depending on repeat number in microsatellites HSMS006 and HSMS602 also indicates possible alterations in the framework of transcription factors binding the area. Interactions of intermediate filaments with microsatellites may also depend on the repeat number of the latter resulting in alterations of the cell functions (Tolstonog et al., 2001; ; changes in secondary structure might be also crucial for these interactions. Thus, prediction of possible hairpins in intronic sequences of PSMA6 genes indicates the possibility for formation of unpaired regions in the gene. These regions give rise to the so-called S1-hypersensitive sites with altered base pairing. Such sites have been found both in structural (Larsen and Weintraub, 1982) and regulatory sites in the chicken alpha-globin domain (reviewed in Sjakste and Sjakste, 2002 ). The regulatory role of possible hairpins might be also related to formation of the matrix attachment regions (MARs regions within MARs, that possess an intrinsic propensity to unwind under negative superhelical strain (double stranded base unpairing regions (BURs)). Several chromatin-associated proteins specifically recognize BURs (poly (ADP-ribose) polymerase (PARP-1), Ku autoantigen, SAF-A, HMG-I(Y), nucleolin and p53). Interaction between BUR-binding proteins may not only provide an architectural core but also recruit functional multi-molecular complexes at the base of chromatin loops to affect multiple distant genes (Galande, 2002) . A specific role of partially unwound DNA sequences in anchoring of DNA-loops to the nuclear matrix and alterations of nuclear matrix attachment sites were revealed in several of our previous studies (see Sjakste, 2007a, 2007b) for review.
T2 DM
The functional significance of microsatellites is supported by the increasing number of reports on association of different pathologies with certain intronic microsatellite alleles, including the recent finding of an association of type 2 diabetes mellitus with polymorphism of the intronic microsatellite of the TCF7L2 gene (Grant et al., 2006) .
Thus, we can hypothesise that the PSMA6 gene expression is altered in patients with type 2 diabetes. Positioning of the transcription factor binding sites around the microsatellite and changes in the DNA secondary structure, coupled to an increase in the repeat number support this idea. This could influence the efficiency of proteasome-mediated degradation of some key transcription factors or enzymes involved in insulin signalling in muscle or other tissues. Accumula- Fig. 4 . Frequencies of microsatellite haplotypes manifesting statistically significant differences (P < 0.05) in case and control groups of the Latvian population. Designation of alleles is given in Figure 3 . Designations of haplotypes with high LD are shadowed. Fig. 5 . Frequencies of microsatellite haplotypes manifesting statistically significant differences (P < 0.05) in case and control groups of the Botnian population. Designation of alleles is given in Figure 3 . Designations of haplotypes with high LD are shadowed. tion of the non-degraded proteasome substrates could make the cells less sensitive to the action of insulin. It was reported that an SNP at the -8 position from the transcription starting point of the PSMA6 gene, causing increase of its expression, is associated with risk of myocardial infarction in Japanese population (Ozaki et al., 2006) . This association was not found in European populations . The association of some alleles of HSMS602 and HSMS801 with susceptibility or resistance to type 2 diabetes mellitus is difficult to explain, as the functions of the corresponding genes remain unknown. Although this should be taken only as speculation at the moment, the discovery of an association between microsatellite polymorphism in the PSMA6 gene area and type 2 diabetes mellitus makes the genes interesting candidates for type 2 diabetes susceptibility genes. Modification of transcription or the translation level of a single protein of the proteasomal particle can affect formation of the particle that consists of several subunits. Impaired assembly of proteasomes can affect regulation of the internalisation of the insulin receptor, of the control of the amount of insulin receptor substrates 1 and 2, and of insulin degradation (Rome et al., 2004) . We hope that the nature of the association of 14q13.2 microsatellite polymorphism with type 2 diabetes mellitus described above will be explained on the basis of experimental studies in the very near future.
